A Comparative Study of In- and Post-Source Decays of Peptide and Preformed Ions in Matrix-Assisted Laser Desorption Ionization Time-of-Flight Mass Spectrometry: Effective Temperature and Matrix Effect  by Yoon, So Hee et al.
A Comparative Study of In- and Post-Source
Decays of Peptide and Preformed Ions in
Matrix-Assisted Laser Desorption Ionization
Time-of-Flight Mass Spectrometry: Effective
Temperature and Matrix Effect
So Hee Yoon,a Jeong Hee Moon,b and Myung Soo Kima
a Department of Chemistry, Seoul National University, Seoul, Korea
b Medical Proteomics Research Center, KRIBB, Daejeon, Korea
In-source decay (ISD) and post-source decay (PSD) of a peptide ion ([Y6  H]
) and a
preformed ion (benzyltriphenylphosphonium, BTPP) generated by matrix-assisted laser
desorption ionization (MALDI) were investigated with time-of-flight mass spectrometry.
-Cyano-4-hydroxycinammic acid (CHCA) and 2,5-dihydroxybenzoic acid (DHB) were used
as matrices. For both ions, ISD yield was unaffected by delay time, indicating rapid
termination of ISD. This was taken as evidence for rapid expansion cooling of hot “early”
plume formed in MALDI. CHCA was hotter than DHB for [Y6  H]
 while the matrix effect
was insignificant for BTPP. The “early” plume temperature estimated utilizing previous
kinetic results was 800–900 K, versus 400–500 K for “late” plume. The results support our
previous finding that the temperature of peptide ions interrogated by tandem mass spectrom-
etry was lower than most rough estimates of MALDI temperature. (J Am Soc Mass Spectrom
2010, 21, 1876–1883) © 2010 Published by Elsevier Inc. on behalf of American Society for Mass
SpectrometryEven though matrix-assisted laser desorption ion-ization (MALDI) [1–5] is widely used to generategas-phase ions from biomolecules, details of the
processes involved are not firmly understood. Out-
standing problems include the internal energy of ions
formed by MALDI and how it is affected by matrix
[2–5]. With the assumption of quasi-thermal equilib-
rium, the first problem becomes equivalent to the
question on effective temperature [6–11]. In post-source
decay (PSD) [12] of peptide ions generated by MALDI
with two common matrices, -cyano-4-hydroxycinammic
acid (CHCA) and 2,5-dihydroxybenzoic acid (DHB),
the relative product ion yield is in the order DHB 
CHCA [7, 13], suggesting the same order for the tem-
perature. Accordingly, CHCA and DHB are often called
“hot” and “cold” matrices, respectively. In our recent
kinetic studies [14–19] for peptide ions without argi-
nine, which mostly generate a, b, and y type product
ions, not only relative PSD yield but also photodisso-
ciation (PD) rate constant followed the order DHB 
CHCA, in agreement with the above classification.
Matrix effect on in-source decay (ISD) of peptide and
small protein ions has also been investigated [11, 20–
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doi:10.1016/j.jasms.2010.07.00122]. The main focus of such studies was on the forma-
tion of c and z type product ions, which is thought to
occur via matrix-to-analyte hydrogen radical transfer
[22]. Unlike in PSD, DHB was found to be more efficient
than CHCA for such reactions. However, it may be
irrelevant to generation of a, b, and y ions observed in
conventional tandem mass spectrometry, a subject of
interest in this work.
Various processes may affect the effective tempera-
ture of a peptide ion, such as laser-induced sample
explosion, matrix-to-analyte proton transfer, and fur-
ther cooling of the plume due to its expansion, etc.
There have been attempts to study the influence of the
processes inherent to matrix-assisted laser desorption
(MALD). An example is the photoionization study of
neutrals generated by MALD reported by Mowry and
Johnston [6]. There, the effective temperature of a
neutral was found to be close to matrix sublimation
temperature (sublimation temperatures of DHB and
CHCA are 443 and 455 K, respectively, according to a
recent report by Zenobi et al. [23]). Another was to
study dissociation of ions already present inside a solid
matrix-analyte mixture, i.e., preformed ions. For exam-
ple, Vertes et al. [24, 25] investigated ISD of benzylpyri-
dinium and benzyltriphenylphosphonium (BTPP) ions
and found that the matrix effect was opposite to the
trend observed for peptide ion PSD. In contrast, the
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1877J Am Soc Mass Spectrom 2010, 21, 1876–1883 PEPTIDE ION TEMPERATURE IN MALDI AND PSDusual order, DHB  CHCA, was observed in the
atmospheric pressure-MALDI study of benzylpyri-
dinium ion carried out by Karas et al. [7].
In our previous dissociation kinetic studies of pep-
tide ions [14–19], we analyzed product ion yields in
PSD and time-resolved PD with Rice-Ramsperger-
Kassel-Marcus theory [26] and determined critical en-
ergy, critical entropy, and temperature. Even though
effective temperatures were in the order DHB CHCA,
they were lower than most rough estimates [7–11] of
MALDI temperature. Even if hot peptide ions are
formed by MALDI, the effective temperature of peptide
ions interrogated by PSD and PD can be lower if most
of hot ions dissociate inside the source. To see if this
was an appropriate explanation for rather low peptide
ion temperature determined in our works, a compara-
tive study was made, i.e., ISD versus PSD, preformed
ions versus peptide ions, and DHB versus CHCA.
Results are reported in this paper, which strongly
support our previous kinetic measurements.
Experimental
Mass Spectrometer
As shown in Supplemental Information, which can be
found in the electronic version of this article, the instru-
ment [14] consists of a MALDI source with delayed
extraction, a linear TOF analyzer, an ion gate, and a
second-stage TOF analyzer equipped with a reflectron.
Due to a deflection system [27], only product ions
formed between the exit of this system and the reflec-
tron entrance are detected in PSD. A 337 nm output
from a nitrogen laser (MNL100; Lasertechnik Berlin,
Berlin, Germany) was used for MALDI; 20 kV DC and
1.5 kV AC pulse were used for delayed extraction/
acceleration and the final electrode of the reflectron was
kept at 25 kV. A commercial MALDI-TOF (Axima
CFRplus; Shimadzu, Kyoto, Japan) was also used to
record MALDI spectra. Each MALDI spectrum was
averaged over 250 MALDI shots and PSD spectrum
over 3000 shots on many spots. Three or more duplicate
measurements were made to estimate error limits.
Detector Gain Calibration and Ion Intensity
Measurement
The method to calibrate the gain of the MCP detector
was reported previously [15]. The instrument was run
under the single ion condition. Charge due to each
single ion was measured in time-of-flight spectrum, not
in mass spectrum, by integrating over a single ion
current pulse and averaged over several thousand
pulses. For each ion, intensity was measured only for
the lowest mass isotopic peak. Then, calculated abun-
dances of higher mass isotopic ions were used to
evaluate its total intensity.Determination of the Threshold Laser Pulse Energy
for MALDI
Throughout the experiment, laser spot size at the sam-
ple was fixed (5 mm diameter beam focused by f  250
mm lens). Instead of the fluence of a laser pulse (pulse
energy  spot area), we will just quote pulse energy to
avoid any confusion arising from possibly erroneous
measurement of the spot size. We defined the threshold
as the condition at which 50% of the single-shot spectra
displayed molecular ion peaks. The threshold deter-
mined based on this definition was the same as that
based on the definition proposed by Hillenkamp and
coworkers [28, 29] because of the excellent gain of the
dual MCP installed in the present instrument.
Samples
Benzyltriphenylphosphonium (BTPP) chloride, YYYYYY
(Y6), CHCA, DHB, and other chemicals were purchased
from Sigma (St. Louis, MO, USA). A matrix solution
prepared with 1:1 acetonitrile/water and 1:1 acetoni-
trile/0.1% trifluoroacetic acid was mixed with aqueous
solution of BTPP chloride and Y6, respectively. Matrix-
to-analyte molar ratios for BTPP chloride and Y6 were
20000:1 and 1000:1, respectively.
Results
Peptide ion, [Y6  H]

MALDI and PSD spectra of [Y6  H]
 generated with
CHCA and DHB are shown in Figure 1. Product ions
appearing in PSD, i.e., an (n  2, 4, 5), bn (n  2–5), yn
(n  2–5), and Y, were assigned previously [15]. Same
product ions appear in MALDI spectra also. In partic-
ular, c and z product ions are absent. Product ion
intensity sums in ISD and PSD divided by the precursor
ion intensity, to be called YISD and YPSD, respectively,
were measured from the spectra.
Matrix, laser pulse energy, and the time between
laser irradiation and ion extraction (delay time) can
affect product ion yields measured with delayed extrac-
tion MALDI-TOF. We investigated the influence of
delay time by varying it over 150–500 ns. A change in
delay time without other adjustment led to a change in
resolution and hence peak heights. Regardless, peak
intensity measured by the present method was hardly
affected by instrument tuning. Delay time dependences
for YISD and YPSDwith CHCAmeasured over 150–500
ns are shown in Figure 2a and b, respectively. Neither
YISD nor YPSD for [Y6  H]
 is affected by delay time
within the error limits. Same trend was observed re-
gardless of laser pulse energy. Even though YISD and
YPSD obtained with DHB were much smaller, general
trend was the same.
We limited the laser pulse energy to 1–2 times the
threshold, which is the range used in analytical appli-
cation of MALDI and in our kinetic study. The thresh-
meas
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 with CHCA and DHB
were 1.1 and 1.8 J/pulse, respectively. Since the
amount of laser energy transferred is also affected by
absorbance of the matrix, it may be better to compare
YISD and YPSD at the same relative pulse energy, i.e.,
pulse energy divided by the threshold value. YISD and
YPSD versus relative pulse energy are shown in Figure
3. It is to be noted that product ions appeared in MALDI
and PSD spectra even at the threshold. YISD increased
rapidly with pulse energy, more rapidly with CHCA
than with DHB. YPSD tended to increase also, but
slowly. Even though PSD spectral patterns with CHCA
and DHB were similar, YPSD with CHCA was around
four times larger than with DHB, as found in our
Figure 1. MALDI and PSD spectra of [Y
(c) CHCA-MALDI/PSD, and (d) DHB-MALDI/P
were 1.5 and 2.5 J/pulse, respectively. Spectra
with CHCA and DHB are the same as actuallyprevious works [15].Preformed Ion, BTPP
DHB-MALDI and PSD spectra of BTPP (m/z 353.1) are
shown in Figure 4. Corresponding spectra obtained
with CHCA were similar. C7H7
 (m/z 91.1) and
P(C6H5)3
 (m/z 262.1) were major product ions in
MALDI [25]. P(C6H4)2
 (m/z 183.0) also appeared in
PSD.
As for [Y6  H]
, dissociation yields of BTPP were
hardly affected by delay time as demonstrated in Figure
2c for ISD with CHCA-MALDI. The same trend was
observed regardless of laser pulse energy and matrix,
and also observed for YPSD.
In MALDI of BTPP with CHCA and DHB, the
threshold laser pulse energies were around 0.85 and 1.9
H]. (a) CHCA-MALDI, (b) DHB-MALDI,
ulse energies used in CHCA- and DHB-MALDI
rawn such that relative intensities of [Y6  H]

ured.6 
SD. P
are dJ/pulse, respectively. YISD and YPSD versus relative
tively. YISDs measured below the thresholds are also drawn.
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H], YISD values, and YPSD also, measured with DHB
and CHCA were comparable and were independent of
the laser pulse energy, even though intensities of both
precursor and product ions increased rapidly. Also,
YISD measured in this work was smaller than previous
results [25] obtained with continuous extraction linear
TOF by orders of magnitude. Smaller YISD with de-
layed extraction reflectron TOF is unexpected because
product ions formed some time after laser irradiation
will not be counted as signal [7] in continuous extrac-
tion while those formed outside the ion source will be
Figure 2. Product ion yields measured as a function of delay
time (20 nsec accuracy). (a) YISD for [Y6  H]
 with CHCA at
1.5 J/pulse. (b) YPSD for [Y6  H]
 with CHCA at 1.5 J/pulse.
(c) YISD for BTPP with CHCA at 1.2 J/pulse.counted as the precursor ion signal in linear TOF. WeFigure 3. Laser pulse energy dependence of product ion yields for
[Y6H]
. (a) YISD with CHCA, (b) YISD with DHB, (c) YPSD with
CHCA, and (d) YPSD with DHB. Abscissa is the relative pulse
energy, i.e., pulse energy divided by the threshold value. The
thresholds with CHCA and DHB are 1.1 and 1.8 J/pulse, respec-
nsets
1880 YOON ET AL. J Am Soc Mass Spectrom 2010, 21, 1876–1883speculate that the difference between the two works
might have arisen due to different methods for intensity
measurement. Extremely weak ISD signals in MALDI of
BTPP were also confirmed through measurements with
a commercial instrument (Axima CFRplus; Shimadzu).
Discussion
The main purpose of this work was to find an explana-
tion for lower temperature (400–470 K) of peptide ions
determined in our tandem mass spectrometric study
[16] than previous rough estimates for MALDI temper-
ature such as 800–1100 K reported by Karas et al. [7, 8]
and 740–960 K reported by Yergey et al. [11]. If a single
effective temperature represents the internal energy
distribution for a precursor ion promptly formed by
MALDI and if this temperature is maintained through-
out the delay period, YISD will increase almost in
proportion to delay time. In this regard, the single most
important observation made in this work is that YISDs
for [Y6  H]
 and BTPP were unaffected by delay time.
This indicates that ISD subsides very rapidly, within the
minimum delay time (150 ns) used, and that the tem-
perature for precursors to PSD is lower than that to ISD.
Even though delay time independence was also ob-
served for ISD of peptide ions to c and z type ions
[20–22], it may not be directly relevant to the subject of
interest in this work as mentioned in the introductory
section.
In the delayed extraction linear TOF study of ben-
zylpyridium derivatives, Karas et al. [7] noted that two
thermally different populations of precursor ions had to
be postulated to explain overall results. Two models
Figure 4. (a) MALDI and (b) PSD spectra of BT
[25], fragment ions are very weak as shown in iwere proposed, i.e., very rapid cooling of the initiallyhot plume and bimodal energy distribution for
“prompt” precursor ions. Delay time independence of
YISD observed here may be explained similarly, as
follows. In model 1, a hot plume formed upon laser-
induced sample explosion expands and cools rapidly.
ISD occurring efficiently in the early plume subsides
rapidly due to expansion cooling and becomes insignif-
icant by the time extraction begins. Slow dissociation of
cooled precursor ions can be detected in PSD because of
its longer observation time scale (around 10 s). Instead
of the coexistence of two different thermal populations
of ions in a same plume, it may be more reasonable to
postulate two different ion formation mechanisms [11].
Hence, in our model 2, cooler ions such as those
desorbed from cooled clusters contribute to PSD. In
both models, precursor ions subjected to tandem mass
spectrometric interrogation will be cooler than those
contributing to ISD.
Unlike in a previous report [25], YISDs for BTPP
generated with CHCA and DHB were similar, suggest-
ing similar temperatures for early DHB and CHCA
plumes. Then, similar extent of expansion cooling of the
two plumes might result in similar YPSD as observed.
However, it will be shown later that temperatures for
early DHB and CHCA plumes are somewhat different.
Very small YISD and YPSD of BTPP suggest that its
dissociation occurs at the very high end of the internal
energy distribution where thermal equilibrium may not
be an accurate description. Then, BTPP may not be
useful as a thermometer ion for the study of MALDI
process.
Compared with BTPP, product ions are much more
intense, by orders of magnitudes, in MALDI spectra of
btained with DHB-MALDI. Unlike in reference
.PP o[Y6  H]
. Very efficient ISD indicates small critical
1881J Am Soc Mass Spectrom 2010, 21, 1876–1883 PEPTIDE ION TEMPERATURE IN MALDI AND PSDenergy for the dissociation of [Y6H]
, certainly much
smaller than for the P–C bond cleavage in BTPP. Critical
energy for [Y6  H]
 determined in our previous study
was 0.60 eV [16], much smaller than usual single bond
energy. The fact that substantial fractions of [Y6  H]

undergo dissociation makes it reasonable to analyze the
results under the thermal assumption. In this regard, it
is to be noted that matrix effect in [Y6  H]
 dissocia-
tion is significant unlike in BTPP. To reiterate data in
the previous section, YPSD with CHCA is larger than
with DHB by a factor of 4 and YISD by nearly two
orders of magnitude. Part of the matrix effect on mea-
sured YISD values arises because larger fraction of
[Y6  H]
 generated with CHCA undergoes dissociation
in the region between the ion source and the detector
than with DHB. This results in smaller precursor ion
intensity with CHCA, which is used as the denominator
in YISD. We attempted to estimate the extent of the
post-source depletion of precursor ion as follows. In
PSD, we observed dissociation occurring between the
exit of the deflection system and the entrance of the
reflection, which corresponded to the time range of
Figure 5. Laser pulse energy dependence of product ion yields
for BTPP. (a) YISD and (b) YPSD. Data obtained with CHCA and
DHB are shown as dark (filled circles) and open (open circles),
respectively. Abscissa is the relative pulse energy, i.e., pulse
energy divided by the threshold value. The thresholds with
CHCA and DHB are 0.85 and 1.9 J/pulse, respectively.10.3—17.1 s after laser irradiation (see SupplementalInformation). This PSD time range was 16.5% of the
total flight time (41.1 s) of the precursor ion. Then,
roughly speaking, around six times more dissociation
must have occurred than observed by PSD. Let us take
0.60 and 0.15 as typical YPSD with CHCA and DHB,
respectively. Then, if the precursor ion did not dissoci-
ate after the source, its intensity would have been larger
by 4.6 (0.60  6  1) in measurement with CHCA.
Corresponding value with DHB was 1.9. Even after this
correction, YISD with CHCA was still larger than with
DHB by a factor 30. We also realized that the usual
guideline for threshold determination might be inap-
propriate for ions undergoing efficient dissociation
even at the threshold. That is, it would be more appro-
priate to count the appearance of any ionic species from
the peptide, either [Y6H]
 or its products, rather than
[Y6  H]
 only. The new definition resulted in lower
thresholds, 0.75 and 1.6 J/pulse with CHCA and DHB,
respectively. YISD values measured at the new thresh-
olds were 1.1 and 0.089 with CHCA and DHB, respec-
tively, a factor of 12 difference. After correcting for the
post-source dissociation, difference further narrowed,
YISD with CHCA being larger by a factor of 5 than with
DHB, getting close to the matrix effect in PSD. That is,
even though ISD with CHCA looks dramatically effi-
cient, part of it is an illusion caused by efficient disso-
ciation of [Y6  H]
. Since the peptide ion signal at the
threshold of CHCA-MALDI is very weak, one would
increase pulse energy, which is not very effective due to
dissociation. Eventually, one ends up using very large
pulse energy, generating even hotter ions. After correc-
tions, however, the fact still remains that CHCA is
hotter than DHB.
The fact that [Y6  H]
 generated with CHCA is
hotter than that with DHB may have something to do
with the ionization step. If [Y6  H]
 is formed by
proton transfer between Y6 and protonated matrix, a
matrix with smaller proton affinity (PA) will form
hotter [Y6  H]
. Previously [15, 16], we noted that the
experimental temperature order of DHB  sinapinic
acid (SA)  CHCA did not correlate with the PA order
CHCA  DHB  SA in the literature [5], suggesting
that PA is not an important factor affecting peptide ion
temperature. Then, the matrix effect in [Y6  H]
 may
be prominent simply because CHCA plume is a little
hotter than that of DHB. [Y6  H]
 will be sensitive to
small difference in plume temperature because of its
small dissociation critical energy while BTPP will not be
as sensitive. CHCA may be hotter than DHB because its
sublimation temperature is higher. That is, relatively
larger pulse energy needed with CHCA results in hotter
plume. Zenobi et al. [23] measured sublimation temper-
ature of several matrices (409–455 K), investigated its
influence on ion internal energy, and found no correla-
tion between the two. Regardless, we speculate that
sublimation temperature might play some role, consid-
ering that glycerol infrared MALDI [30, 31] is softer
than UV-MALDI. The sublimation temperature of glyc-
erol is 380 K when the guideline suggested by Zenobi et
1882 YOON ET AL. J Am Soc Mass Spectrom 2010, 21, 1876–1883al. [23] is applied to its vapor pressure data [32]. Further
investigations are needed to find out how matrices
affect the plume and peptide ion temperatures, such as
acquisition of more accurate data for matrix sublima-
tion temperature.
Rough estimation of the early plume temperature
from YISD can be helpful to compare with MALDI
temperatures in literature [6–11]. Temperature of [Y6 
H] under tandem mass spectrometric interrogation, or
“late” plume temperature, determined in our previous
kinetic studies [16] was around 470 and 400 K, respec-
tively, with CHCA and DHB. The rate-energy relation,
ktot(E), calculated with the critical energy (0.60 eV) and
entropy (28.4 eu with 1 eu  4.184 J K1 mol1)
determined previously is drawn in Figure 6 together
with the internal energy distributions at the above
temperatures. Let us assume that ISD occurs within 50
nsec after laser irradiation, corresponding to the mini-
mum rate constant of 1.4  107 sec1. The minimum
energy needed for ISD read from the ktot(E) curve is 11.7
eV. Then, let us assume that the temperature difference
between “early” CHCA and DHB plumes is the same as
that between “late” plumes and that roughly around 80
and 20% of [Y6  H]
 undergo ISD with CHCA and
DHB, respectively. The “early plume” temperature thus
Figure 6. (a) ktot(E) calculated with E0  0.60 eV, 	S
‡  28.4 eu
reported in reference [1]. Internal energy of 11.7 eV needed for ktot
of 1.4  107 s1 is marked. (b) Internal energy distributions of [Y6 
H] at T 400, 470, 800, and 870 K; 400 and 470 K are the effective
temperatures for ions contributing to PSD in DHB- and CHCA-
MALDI, respectively, determined previously [16]; 800 and 870 K
are those contributing to ISD in DHB- and CHCA-MALDI, respec-
tively, estimated in this work.estimated was around 870 and 800 K for CHCA and
DHB, respectively. The internal energy distributions at
these temperatures are also drawn in Figure 6. The
results seem to be in fair agreement with previous
rough estimates for “early” plume temperature such as
740–960 K with CHCA reported by Yergey et al. [11].
Also to be quoted are the results from a recent molec-
ular dynamics simulation study of DHB-MALDI car-
ried out by Knochenmuss and Zhigilei [10]. There,
“early” DHB plume with temperature 800 K was
formed by MALDI and underwent expansion cooling to
about half that value, almost in exact agreement with
the present results.
Even though the time span for ISD (tens of nanosec-
ond) was much shorter than that for PSD (several
microseconds), ISD of peptide ions was more efficient
than PSD. Hence, there is no doubt that peptide ions
undergoing PSD are much cooler than those contribut-
ing to ISD regardless of the model used, i.e., expansion
cooling. This strongly supports our previous finding
that temperature for peptide ions under tandem mass
spectrometric interrogation are rather low. In this re-
gard, we would like to mention that 1090 K or higher
temperature was found for peptide ions under tandem
mass spectrometric interrogation when our experimen-
tal PD rate constants for [YGGFL  H] [19] were
analyzed with ktot(E)s determined by other methods [33,
34]. Further calculations with the same ktot(E)s showed
very rapid dissociation of hot ions such that acquisition
of MALDI spectra for peptides should have been virtu-
ally impossible, completely against the reality.
Conclusion
We have found that ISD occurs rapidly from hot pre-
cursor ions in “early” plume and terminates well before
extraction begins while PSD occurs slowly from cooler
ions surviving ISD. Expansion cooling of hot “early”
plume seems to be responsible for rapid termination of
ISD. Cooler precursor ions might be formed by desorp-
tion from clusters in “late” plume. However, clusters
themselves should have been cooled by expansion.
Otherwise, hot desorbed ions would dissociate rapidly
also. We suggest that [Y6  H]
 at 800–900 K in “early”
plume undergoes expansion cooling to 400–500 K in
“late” plume, in agreement with findings in a recent
molecular dynamics simulation study [10].
Previously, we determined critical energy and en-
tropy for peptide ion dissociation by analyzing product
ion yields in PSD and time-resolved PD [15–19]. Ion
temperature determined in the same analysis was lower
than previous rough estimates for MALDI temperature.
When PSD yield was not included in the analysis, good
fits could be achieved by increasing all three parameters
simultaneously. Hence, the present finding that “late”
plume temperature is certainly much lower than that of
“early” plume strongly supports the critical energy and
entropy determined by combined PSD/PD analysis,
1883J Am Soc Mass Spectrom 2010, 21, 1876–1883 PEPTIDE ION TEMPERATURE IN MALDI AND PSDboth of which were smaller than previous estimates
[33, 34].
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